In this study we investigated the spatial heterotopy of MEG and fMRI localizations after sensory and motor stimulation tasks. Both methods are frequently used to study the topology of the primary and secondary motor cortex, as well as a tool for presurgical brain mapping. fMRI was performed with a 1.5T MR system, using echo-planar imaging with a motor and a sensory task. Somatosensory and motor evoked fields were recorded with a biomagnetometer. fMRI activation was determined with a cross-correlation analysis. MEG source localization was performed with a single equivalent current dipole model and a current density localization approach. Distances between MEG and fMRI activation sites were measured within the same anatomical 3-D-MR image set. The central region could be identified by MEG and fMRI in 33 of 34 cases. However, MEG and fMRI localization results showed significantly different activation sites for the motor and sensory task with a distance of 10 and 15 mm, respectively. This reflects the different neurophysiological mechanisms: direct neuronal current flow (MEG) and secondary changes in cerebral blood flow and oxygenation level of activated versus non activated brain structures (fMRI). The result of our study has clinical implications when MEG and fMRI localizations are used for pre-and intraoperative brain mapping. Although both modalities are useful for the estimation of the motor cortex, a single modality may err in the exact topographical labeling of the motor cortex. In some unclear cases a combination of both methods should be used in order to avoid neurological deficits.
INTRODUCTION
The correlation of anatomical and functional imaging is one of the most important features in modern brain imaging techniques. There are at least five methods available to map the motor cortex, such as (1) magnetoencephalography (MEG), (2) functional magnetic resonance imaging (fMRI), (3) positron emission tomography (PET), (4) single photon emission computed tomography (SPECT), (5) transcutaneous magnetic stimulation (TMS) and near infrared spectroscopy (NIRS).
Besides anatomical landmarks and patterns, these functional imaging modalities have been used to define the central region in the preoperative assessment, especially MEG (Gallen et al., 1995; Ganslandt et al., 1996; Kamada et al., 1993; Morioka et al., 1994; Orrison et al., 1992) , fMRI Baumann et al., 1995; Connelly et al., 1993; Cosgrove et al., 1996; Fried et al., 1995; Jack et al., 1994; Kahn et al., 1996; Latchaw et al., 1995; Maldjian et al., 1996; Morioka et al., 1995; Mueller et al., 1996; Pujol et al., 1998; Righini et al., 1996; Yousry et al., 1995) , and PET (Baumann et al., 1995; Fried et al., 1995; Poline et al., 1996) were integrated into MR-images to allow preoperative localization of the somatosensory cortex.
The increasing application of frameless stereotactic methods in neurosurgery (neuronavigation) has been used as a platform to integrate this functional information into the operating room, leading to the so called functional neuronavigation. This was demonstrated with a pointer navigation system for MEG (Ganslandt et al., 1997; Rezai et al., 1996; Roberts et al., 1995) and later in the same manner for fMRI (Maldjian et al., 1997; Nimsky et al., 1999; Schulder et al., 1998) . In these studies the location of a functional marker in the operative field was confirmed by a pointer, of which the position was shown in the MR images. PET data have been integrated into navigation with the help of a stereotactic frame (Levivier et al., 1995) and were also used as a functional marker (Braun et al., 2000) .
The method of MEG-based functional neuronavigation is meanwhile applied routinely in surgery around the motor strip in our department for the last four years in more than 100 patients . But this approach is limited since the availability of MEG is restricted and not amenable to common use in the neurosurgical community. Thus we additionally made efforts to integrate fMRI data into the functional neuronavigation setup as well. fMRI can detect subtle regional changes in blood flow and levels of deoxygenated hemoglobin associated with increased neuronal activity. In echo-planar sequence technique, image contrast is mainly generated by changes in deoxyhemoglobin levels known as blood oxygenation level-dependent (BOLD) contrast (Kwong et al., 1992; Ogawa et al., 1990; Stehling et al., 1991) . fMRI can be performed with a standard MRI equipment, as a 1.5 Tesla MR scanner, which is installed on a broad base, making fMRI relatively easily available in comparison to MEG. In accordance with one of our previous works (Stippich et al., 1998) we reported in a pilot study with eight subjects and six patients about different activation sites for fMRI and MEG sensorimotor activity . This did not lead to a mislocalization of the central sulcus in any case. However it is conceivable that in patients with large space occupying lesions and complex vessel geometry fMRI and MEG localizations might be ambiguous. Therefore we investigated a larger number of patients in the present study to check the clinical applicability of fMRI and MEG for the delineation of the central sulcus in presurgical functional imaging. Special interest was laid upon the different spatial activation sites of the primary sensorimotor cortex in MEG and fMRI.
MATERIAL AND METHODS
Thirty-four patients (24 female, 10 male, 18 to 82 (mean ϭ 48.1) years old) with lesions adjacent to the motor cortex (clinical data depicted in Table 1 ) were examined in the technique described below. All patients gave their written informed consent to participate in this study.
fMRI fMRI was performed with a 1.5 Tesla MR scanner (Magnetom Symphony, Siemens AG, Erlangen, Germany) using echo-planar imaging (EPI) technique. For both functional and anatomical imaging, 16 contiguous axial MR slices parallel to the AC-PC (anterior-posterior commissure) plane ranging from the parietal operculum to the vertex (cortical surface) were acquired. The AC-PC plane was defined in a 3-D anatomical MPRAGE-sequence (MPRAGE: magnetization prepared rapid acquisition gradient echo, TE: 4.3 ms, TR: 11.08 ms, flip angle: 15°, slab: 180 mm, 120 slices, FOV: 250 mm, matrix: 256 ϫ 256). Functional images were measured using a T2*-weighted EPI sequence (TE: 62 ms, TR: 114 ms, flip angle: 90°, slice thickness: 3 mm, FOV: 200 mm, matrix: 64 ϫ 64, interpolated 128*128), resulting in an acquisition time of 1.82 s for each fMRI volume. Anatomical images were collected in identical positions using a T1-weighted spin echo sequence (TE:  15 ms, TR: 450 ms, flip angle: 90°, slice thickness: 3  mm, FOV: 200 mm, matrix: 256 ϫ 256).
The block design fMRI experiments were performed using alternating rest and activation paradigms which consisted of three baseline (rest) and three activation periods. During each rest and activation period 10 EPI volumes (one every 3 s) were collected, yielding a total of 60 functional volume data sets. Motor activation (MEA: motor evoked activity) was performed by iterative clenching of the hand contralateral to the lesion once per second. Sensory activity (SEA, sensory evoked activity) was evoked with a pneumatically driven tactile stimulator applying tactile stimuli with an interstimulus interval of 800 ms to the index finger contralateral to the lesion using a fingerclip. The patient's head was embedded into a vacuum cushion during the measurements to prevent involuntary movements.
Before data analysis automatic 3-D image realignment of the 60 EPI volumes was performed to compensate even subvoxel subject movements during the fMRI measurement (Cox and Jesmanowicz, 1999) . Functional activation maps were calculated with a cross correlation analysis (Bandettini et al., 1993; Xiong et al., 1996) between measured and expected activation time course for each voxel using the AFNI (Analysis of Functional NeuroImages) software package (Cox, 1996; Cox and Hyde, 1997) omitting the first two EPI volumes of each period to account for the time lag of the BOLD signal. Activation was considered valid for correlation coefficients between measured and expected activation time course higher than r Ͼ 0.65 for MEA and r Ͼ 0.55 for SEA. Due to the fact that intravascular spins account for a great amount of fMRI signal changes on T2*-weighted images at 1.5 Tesla, fMRI activation maps not only represent neuronal tissue but also draining veins of the activated cortex (Segebarth et al., 1994) . Therefore we used the fMRI activation that showed a high correlation in signal intensity changes according to the time course by following the draining veins to the cortical tissue. The coordinates of this voxel adjacent to the precentral gyrus (MEA) and postcentral gyrus (SEA) cluster were used as functional landmarks during neurosurgery.
MEG
MEG was recorded with a 2 ϫ 37 channel biomagnetometer (MAGNES II, 4D Neuroimaging, San Diego, CA) inside a magnetically shielded room (Vacuumschmelze, Hanau, Germany) by placing a single dewar above the central region ipsilateral to the lesion. The patient's head was embedded into a vacuum cushion. Each patient's headshape was scanned relative to the MEG sensor using an electromagnetic 3-D digitizer (Isotrak, Polhemus, VT).
A slightly modified task as in the fMRI experiment was used to minimize artefacts due to patient movement in the MEG. Motor activation was performed by brisk flexion movements of the index finger contralateral to the lesion every 3 to 5 s. Sensory activity was evoked using the identical stimulation paradigm as in the fMRI experiments.
200 stimuli of somatosensory-evoked fields (SEF) and 100 stimuli of motor-evoked fields (MEF) were acquired at a sampling rate of 1041.7 Hz (frequency range: 1 to 200 Hz) and 520.8 Hz (range 0.1 to 100 Hz) respectively. The MEF epochs starting 2 s before to 1 s after movement onset were averaged after visual inspection and artifact rejection using the rectified surface electromyogram (EMG) of the flexor digitorum muscle as a trigger.
The MEG sources were localized applying a single current dipole model with a locally fitted sphere as head model. MEG dipoles were localized for the first pronounced peak in the MEF waveform at movement onset and for the P35m SEF wave (latency range: 25-55 ms after stimulus onset) because with tactile stimulation the P35m has a higher amplitude and therefore a better signal-to-noise ratio than the N20m, which is usually localized when using electrical stimulation. Only dipole sources showing correlation values greater c Ͼ 0.95 between theoretical and measured magnetic field distribution were accepted. In cases with a dipole correlation less than c Ͻ 0.95 additionally a current density reconstruction algorithm was used (CLSF: Current Localization by Spatial Filtering) (Robinson and Rose, 1992) . The principle of the CLSF is to distinguish brain sources by their respective signal differences in space. This is accomplished by constructing a set of spatial filters sphere which represent the spatial sensitivity profile of the MEG sensors for each of typically 6000 voxels of equal size within an analyzing sphere where the current density is going to be calculated. The analyzing sphere was centered to the hand area of the motor cortex as obtained by the anatomical landmarks described below. The diameter of the analyzing sphere was 5 cm. Thus a spatial resolution of approximately 2.5 mm for the current density reconstruction could be achieved. The spatial filter coefficients for a given voxel are obtained by weighting the forwardly calculated field distribution of a dipolar test source in the given voxel with the covariance statistics of the a posteriori MEG signal instead of using the real lead field matrix. By this spatiotemporal approach coherent predominant signal components will be emphasized while uncorrelated noise will be attenuated. During the CLSF analysis the time interval between 500 ms before and 100 ms after movement onset was selected for the calculation of the covariance matrix. Precautions to minimize the noise contribution to the covariance matrix were taken using the Backus-Gilbert method (Backus and Gilbert, 1970) as proposed by Robinson (Robinson, 1991) . This is achieved by a truncated singular value decomposition of the data covariance matrix where the smallest singular values are omitted in ascending order until the virtual sensor noise is below the measurement noise level obtained from the pre stimulus interval. Given this information for each voxel the measured magnetic field distribution is projected through this set of spatial filters for each time instant yielding the source activity in each voxel. A detailed description of the CLSF method can be found in (Robinson, 1991) . To compensate the minimum norm inherent overestimation of superficial sources an additional depth regularization of the spatial filter coefficients is performed taking into account the sensitivity profile of the sensor array.
The anatomical source location was performed with a contour fit algorithm, fitting the digitally scanned headshape including the MEG dipole to the patients individual MRI data set (Kober et al., 1995) .
Definition of Anatomical Landmarks
The central sulcus and the hand area were also identified using anatomical landmarks by two experienced neurosurgeons independently. The central sulcus was defined as the first sulcus anterior of the rolandic cortex, which was identified as the gyrus directly anterior to the marginal sulcus which is the terminal continuation of the cingulate sulcus on sagittal MR images (Berger et al., 1990) .
The hand area ("hand knob") was defined as the first posterior convexity of the central sulcus lateral to the midline. This area has been described as an omegashaped formation in the central sulcus in the axial plane, and a hook-like folding of the cortical mantle in the sagittal plane (White et al., 1997; Yousry et al., 1997) (Table 2) .
In order to assess the degree to which the lesions affected the morphology around the central sulcus not only the smallest distance of the lesion border to this hand knob but also the shift of the hand knob in relation to the unaffected hemisphere was determined (Table 1). The corresponding point on the hand knob used for the distance measurements was defined by the posterior edge of the convexity of the omega-shaped hand knob in the axial plane. In 12 patients we could not define the hand knob based on anatomical landmarks due to tumor displacement. In these cases we used the fMRI-MEA localization instead for the evaluation of the variation (shift of hand knob and distance to hand knob) in relation to the unaffected side as indicated by a superscript a in Table 1 .
MEG-fMRI Comparison
The spatial difference of the primary sensory and motor cortex activation in MEG and fMRI was measured in three dimensions in the same anatomical 3-D-MR image set. The absolute as well as the directional distances between MEG and fMRI localization were measured along 3 orthogonal axes (anterior-posterior, superior-inferior, and medial-lateral) in each case. The distances were determined using a program with was developed in our department to measure the Euclidean distance, taking into account voxel size and slice distance, within the 3-D-MRI volume between the functional marker of the MEG (either voxel with ECDdipole or CLSF maximum current density) and functional marker of the fMRI (voxel with highest crosscorrelation adjacent to the precentral gyrus (MEA) or postcentral gyrus (SEA)). The statistical significance of the spatial difference between MEG and fMRI localizations was investigated using the Wilcoxon signed rank test. Differences with P Ͻ 0.05 were considered statistically significant.
The feasibility to determine the central sulcus with MEG and fMRI was also confirmed by comparing the intraoperatively displayed functional data to the intraoperative phase reversal of somatosensory evoked potentials. On the day before surgery 10 to 12 skin fiducials were attached in a scattered pattern for neuronavigation referencing. Afterwards a 3-D FLASH-sequence (FLASH: fast low angle shot, TE: 7.0 ms, TR: 16.1 ms, flip angle: 30°, slab 168 mm, 112 slices, FOV: 250 mm, matrix: 256 ϫ 256) with the 0.2 Tesla Magnetom Open (Siemens AG, Erlangen, Germany), which is located in our twin-OR was performed Steinmeier et al., 1998) . The SEF/MEF-MEG, and SEA/MEA-fMRI data were matched on this 3-D dataset using a contour fit, described elsewhere (Kober et al., 1995) . MEF-MEG is represented as a white (intensity 1000) pyramid, SEF-MEG as a white cube (4 ϫ 4 ϫ 4 pixel). Accordingly a black (intensity 0) pyramid and cube represented MEA-and SEA-fMRI. This 3-D data set was then transferred via fast-ethernet to one of the neuronavigation microscopes, the NC4 or the MKM (Multiple Coordinate Manipulator) (Zeiss, Oberkochen, Germany) (Luber and Mackevics, 1995) . After registration of the head tracking device, the patient was registered with the MKM-or NC4-microscope and the contours of the lesion and the functional markers were displayed in the viewing field of the surgeon.
The intraoperative phase reversal was measured with a strip-electrode (Viking, Nicolet Corp., Madison, WI). For stimulation we used 300 repetitions of 0.1 ms constant current pulses delivered to the median nerve at the wrist, with a frequency of 5.1 Hz, and a current strength of 10 to 20 mA. The cortical responses were recorded using a four-by five-electrode or a single strip electrode containing eight electrodes array with an interelectrode distance of 6 mm. The position of the phase reversal was marked on the cortex (Fig. 4) . Thus the location of the functional markers could be compared directly to the intraoperative phase reversal. In this study no distance measurements between the phase reversal and functional markers were performed. But in a previous study an average distance of 6 mm between SEF-MEG activation and the polarity inversion line was reported (Ganslandt et al., 1997) . Some neurosurgeons preferred to perform surgery without the aid of neuronavigation in the initial phase of the study because of lack of experience with this method. In these cases no intraoperative validation between the functional imaging and phase reversal was possible. Table 1 . The central sulcus could successfully be determined in all cases using either MEG or fMRI, in 32 cases (94%) with SEA-fMRI, in 33 cases (97%) with MEA-fMRI, in 33 cases (97%) with SEF-MEG and in 27 cases (79%) with MEF-MEG ( Table 2 ). The MEG measurement could not be accomplished in one case, where a dental implant caused severe artifacts and did not allow the MEG recording. In five cases MEF-MEG could not be performed, because a hemiparesis hindered movement and the EMG signal could not be used to perform the averaging. However, the MEA-fMRI activity of the almost invisible movements could still be localized.
RESULTS
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The central sulcus could be identified in all cases preand intraoperatively and was confirmed during surgery by phase reversal. Navigation accuracy measured by the mean registration error ranged from 0.74 to 1.48 mm, repeated landmark-checks confirmed overall accuracy during the whole operative procedure.
Due to the space occupying lesions the definition of the central sulcus and the hand knob by anatomical landmarks was only successful in 41 and 65% of the cases, respectively. However, anatomical landmarks could be used to check the validity of the functional imaging results in those cases which were not operated using functional neuronavigation and thus no validation with the intraoperative phase reversal was possible.
MEG and fMRI yielded corresponding results in all patients where both methods were successful as far as the determination of the central sulcus was concerned. However, MEG and fMRI localization results showed significantly different activation sites. MEG data were projected on the activated gyrus itself, while fMRI data were located adjacent to the sulci. The group average distance between MEF and MEA was 10 Ϯ 5 mm and between SEF and SEA 15 Ϯ 5 mm (Table 3 ). The MEF source at a mean latency of 43 ms before movement onset was located in the contralateral primary motor cortex (MI) on the hand knob of the precentral gyrus. Whereas the MEA-fMRI activation was significantly more posterior (5 Ϯ 6 mm, P ϭ 0.002) adjacent to the hand knob in the central sulcus (Figs. 7 and 3) . The SEF source at a mean latency of 45 ms after stimulus onset was located in the primary sensory cortex (SI) on the anterior wall of the postcentral gyrus (Brodmann area 3b, Figs. 2 and 3) . Whereas the SEA-fMRI activation was significantly more inferior (4 Ϯ 7 mm, P ϭ 0.017) and lateral (8 Ϯ 7 mm, P Ͻ 0.001) than the SEF-MEG localization. SEF-MEG source localization could be performed with the single dipole model in all cases with a high correlation coefficient between measured and theoretical field maps (c ϭ 0.99 Ϯ 0.01). Whereas MEF-MEG dipole source localization was only successful (c Ͼ 0.95) in 18 cases (c ϭ 0.98 Ϯ 0.01). Therefore in the remaining 10 cases where MEF-MEG measurements could be performed also the current density distribution (CLSF) was calculated which could successfully localize the primary motor cortex in nine cases.
DISCUSSION
Functional imaging, which allows identification of eloquent regions, especially of the motor region, has been established in the last years with different methods such as MEG, fMRI, and PET.
Based on numerous anatomical and electrophysiological studies in monkeys (Corkin et al., 1970; Mauguiere et al., 1983) it is well accepted that somatosensory inputs are processed by a distributed, somatotopic network of cortical areas including the postcentral gyrus (SI) and the parietal operculum (SII). However, somatosensory evoked potentials recorded directly on the cortical surface (Allison et al., 1989a) as well as previous MEG studies have shown that during the first 60 ms after stimulus onset only the contralateral primary sensory cortex (SI) is active and can be localized using the single dipole model (Hari et al., 1984; Mauguiere et al., 1997) . This is in accordance with our findings where valid SEF dipole localizations of SI were obtained in all patients with an average latency of 45 ms after stimulus onset. In neuromagnetic recordings, voluntary movements are preceded by a readiness field (RF), the magnetic analogue of the electric readiness potential or Bereitschaftspotential (Deecke, 1978) . The RF starts approximately 2 s before movement onset and lasts until movement onset. The early component of the RF originates mainly form the supplementary motor area (SMA), whereas the late component originates form the contralateral primary motor cortex (MI) (Ball et al., 1999; Erdler et al., 2000) . The RF ends at movement onset and is followed by transient movement evoked fields (MEFs) peaking around 100 ms after movement onset. The generation of the MEFs is still discussed controversially but may be caused by sensory feedback from the moving limb (Kristeva-Feige et al., 1996) . The superposition of these simultaneously active sources around movement onset might explain the difficulty to obtain valid ECD localizations in many of our patients where only the CLSF approach could successfully localize MI.
The delineation of the motor region in patients with lesions adjacent to the central sulcus was extensively implemented for MEG (Gallen et al., 1995; Ganslandt et al., 1996; Kamada et al., 1993; Morioka et al., 1994; Orrison et al., 1992) and fMRI Baumann et al., 1995; Cosgrove et al., 1996; Fried et al., 1995; Jack et al., 1994; Kahn et al., 1996; Latchaw et al., 1995; Maldjian et al., 1996; Morioka et al., 1995; Mueller et al., 1996; Pujol et al., 1998; Righini et al., 1996; Yousry et al., 1995) , and PET (Baumann et al., 1995; Fried et al., 1995) in the preoperative setup. Parallel multiple efforts of comparing these different modalities with each other and their intraoperative verification by cortical mapping were published (Braun et al., 2000; Nimsky et al., 1999; Roberts et al., 1995) . The preoperative estimations corresponded well, when MEG was compared with intraoperative cortical mapping (Gallen et al., 1995; Makela et al., 2001; Roberts et al., 1995) , the same is true for fMRI (Jack et al., 1994; Mueller et al., 1996; Puce et al., 1995; Yetkin et al., 1997; Yousry et al., 1995) . Additionally there are comparable results using transcranial magnetic stimulation (Krings et al., 1997; Morioka et al., 1995; Roberts and Rowley, 1997) . Interestingly in all these comparative studies both, MEG, as well as fMRI measurements were able to locate the motor cortex. MEG is measuring neuronal activity and fMRI is measuring changes in blood oxygenation levels, that means blood consumption, which are not directly located at the same place. Since the fMRI BOLD signal change not only shows activation in the parenchyma of the activated cortical structures but also in the draining veins (Segebarth et al., 1994) it is difficult to differentiate between activated cortex and venous drainage especially in patients with morphological malformations. This is important when these data are not just used in a preoperative assessment, but are transferred into the operating room to localize the central region or other eloquent cortex areas (e.g., in language mapping) in 3-D space. In studies which compare MEG directly with fMRI both could correctly identify the anatomical cortex, but distances of more than 10 mm between the major MEG and fMRI activity were measured (Stippich et al., 1998) . Others even reported a distance of up to 16 mm (Beisteiner et al., 1995) , which reflects the different underlying substrates being measured. A previous study investigating voluntary movements with highresolution EEG and fMRI in healthy volunteers yielded exactly the same difference of 10 mm as in our study between movement related activation sites (Ball et al., 1999) .
Although we used slightly different activation patterns for the motor task and an identical paradigm for the sensory stimulation the difference between maximum MEG and fMRI activation was larger for the somatosensory stimulation (15 mm) than for the motor task (10 mm). In the motor task MEG and fMRI activations projected onto the same neuroanatomical structure-the hand knob of the precentral gyrus. Although the MEA-fMRI activation was significantly more posterior (5 mm) and more lateral (3 mm) adjacent to the hand knob in the central sulcus following the topology of the draining veins in normal anatomy. The SEF-MEG activation was localized in Brodmann area 3b of the postcentral gyrus. This is in agreement with a recent MEG study where only activity in area 3b could be localized after electrical upper limb stimulation during the early cortical responses N20m, P35m, N45m, and P60m (Kakigi et al., 2000) . However, intracranial recordings have shown that after these early activations in area 3b also area 1 and 2 are activated later than 90 ms after stimulus onset (Allison et al., 1989b; Goldring et al., 1970) . These late components were not analyzed by MEG. However, their contribution to the SEA-fMRI signal has already been shown in a 3T fMRI study where different activation sites in area 1, 2, and 3b of the postcentral gyrus could be resolved (Moore et al., 2000) . Taking into account the Note. Statistically significant (P Ͻ 0.05) differences are emphasized by bold face. MEG, Magnetoencephalography; fMRI, functional magnetic resonance imaging; SEF, somatosensory-evoked fields; MEF, motor-evoked fields; SEA, sensory-evoked activity; MEA, motorevoked activity.
significantly more lateral (8 mm) and inferior (4 mm) position of the average SEA-fMRI activation it might be possible that activation in area 1 or 2 has dominated activation in area 3b yielding neuroanatomically different activation sites in both modalities (Fig. 4) . Because we measured the distance between MEG and fMRI activation in orthogonal directions we did not find a posterior location of the fMRI activation as could be expected. The SEF-MEG localizations were found in Brodmann area 3b, which comprises the anterior wall of the postcentral gyrus. Brodmann area 1 and 2 denote the lateral convexity and the posterior wall of the postcentral gyrus, respectively. The postcentral gyrus incloses an acute angle when viewed in the axial plane. Thus the lateral surface of the postcentral gyrus is situated more anterior than the mesial part. There- fore a more lateral SEA-fMRI activation of area 1 or area 2 would not necessarily result in a more posterior position in relation to the SEF-MEG localization because the anticipated posterior shift would be compensated by the more anterior position of the lateral aspects of the postcentral gyrus.
Depending on the distance and direction in 3-D space a difference of up to 15 mm between the major MEGand fMRI-activity may result in fatal errors when trying to use these data in the operating theatre. Therefore some groups emphasize the dual use and integration of both modalities (Beisteiner et al., 1997; Inoue et al., 1999; .
In our study the spatial difference between fMRI activation and MEG localization did not result in an errenous estimation of the central sulcus in any case. Thus our studies indicates no preference concerning the intraoperative usability of either modality, MEG or fMRI. In our study we demonstrated the intraoperative visualization of both MEG and fMRI, sensory and motor modalities each, by the help of a navigation microscope, which displays in the viewing field of the surgeon besides the tumor contour and the preplanned operative trajectory also the functional information. This allows the identification of the pre-and postcentral gyri. For validation we measured the phase reversal of somatosensory evoked potentials and could confirm the identification of the central sulcus in all cases which were operated with neuronavigation.
In this series fMRI and MEG led to equivalent identification of the central sulcus. As stated by others, discrepancies of up to 15 mm between the displayed activities could be measured, but the visualized activity was projected on the same anatomical structure, i.e. on the precentral gyrus for MEF and MEA and on the postcentral gyrus for SEF and SEA, respectively. It is notable that the different 3-D localizations did not lead to a false identification of the motor region. Both imaging modalities, fMRI and MEG, show a high degree of clinical applicability for the identification of the central region.
FIG. 3.
Volume rendered 3-D display containing functional markers of case no. 9 (also shown in Fig. 1 ). Motor-evoked activity is indicated by pyramids (MEA, black; MEF, white). Sensory-evoked activity is indicated by cubes (SEA, black; SEF, white). MEG-fMRI distance of primary motor and sensory activation was 9 and 3 mm, respectively. During surgery these data were visualized with the NC4 microscope, and the central region could easily be identified. A total resection the tumor was performed. In the postoperative course the patient was seizure free and had no neurological deficits.
In our opinion the definition of the central sulcus by SEF alone seems to be sufficient in most cases. However, the additional localization of the motor cortex with MEF is useful in cases where the central sulcus is not clearly visible due to the pathology. For clinical purposes the MEA-fMRI and SEF-MEG investigations can be obtained with a higher reliability (97%) than SEA-fMRI (94%) and MEF-MEG (79%). We could demonstrate that standard fMRI procedures can have a high clinical utility for the delineation of the central sulcus even in the presence of morphological malformations. This is partly in contrast to the results of two previous studies (Inoue et al., 1999; Pujol et al., 1998) , where fMRI usefulness could only be demonstrated in about 80% of the tumor patients. Apart from the influence of morphological variations in those patient groups also methodological aspects might be responsible for this. Both studies were performed with considerably lower spatial resolution in the fMRI measurement. Moreover, no automatic realignment of the functional images was performed prior to statistical analysis, a methodological improvement which may also has contributed to the higher utility of fMRI in our study.
Inoue et al. investigated a group of 10 tumor patients comparing SEF and exactly the same fMRI activation protocol as in our study and obtained anatomically wrong fMRI activations of the motor cortex in two cases with pathologic malformations. A methodological explanation for this failure could be the relatively large voxel size used for the EPI measurements (slice thickness ϭ 10 mm, pixel size ϭ 4 mm). This lower spatial resolution together with the higher correlation threshold of 0.8 used in that study might render activated brain areas not significant especially at voxel junctions because the activated cortex extends into different EPI voxels and the BOLD intensity increase of those separately analyzed voxels is not statistically significant.
Pujol et al. investigated 50 surgical candidates with centrally located space occupying lesions. They found a selective and reproducible focal fMRI activation in only 41 cases (82%) using a different self-paced hand clenching task. The paradigm consisted of alternating movements of the hand contralateral to the affected side during the activation condition and ipsilateral to the affected side during the control condition without a real rest condition. Only a single functional slice was measured in the axial plane approximately 15 mm below the vertex including the hand area. When anatomical distortion was present or if no significant activation was found in this plane the measurement was repeated above and below this location to cover a wider region. The number of trials depended on activation success and patient tolerance. Significant activation was only accepted if in two independent measurements the statistical t-test analysis yielded only one significant cluster larger than 13 voxels with t values greater than 2 and 3 voxels with t values greater than 4, which had at least twice as many voxels as any other activated region. They failed to obtain selective activation in 5 cases, reproduce activation in 3 cases, but focal activity was absent only in one case. The main limitation of this study was the use of a single-slice method that cannot encompass a large brain volume and include, with certainty, the eloquent cortex when anatomical distortion occurs.
When using fMRI or MEG data for frameless stereotactic localization in the OR, the exact anatomical position of activation has to be known. There are sources for inaccuracy in the transformation of the anatomical distorted T2*-weighted images, which have to be matched on the anatomical T1-weighted images to be used in neuronavigation (Sumanaweera et al., 1994) . Especially at the brain air barrier and at the skull base, both not so relevant in fMRI around the central sulcus, distortions are considerable and have to be corrected by special algorithms describing a "field map." Furthermore fMRI data may be compromised by motion artifacts and not only by measuring the BOLD effect in the capillary vessels of the activated cortex, but also measuring activity by contributions of large vessels (Beisteiner et al., 1997; Jack et al., 1994; Segebarth et al., 1994) .
The accuracy of the functional methods itself concerning spatial resolution is in the range of about 3-5 mm for MEG (Leahy et al., 1998) and at least 3 mm for fMRI, resulting from the voxel size of 3 mm of the T2* images. The overall accuracy is influenced by further factors: the accuracy of the matching algorithm, being below 2 mm for the contour fit we used (Kober et al., 1995) , image distortion of the anatomical MR-images (Sumanaweera et al., 1994) .
The use of MEG or fMRI for the preoperative assessment of the motor cortex implies a high financial and personnel effort compared to the definition of anatomical landmarks in the MR images. Therefore a general application in every case may not be justified. However, in our opinion these efforts are justified in difficult cases because functional imaging is observer independent, more successful in the presence of mass lesions and it also facilitates precise preoperative planning of surgical approaches using advanced visualization techniques. Moreover, the intraoperative usage of the functional imaging using neuronavigation has already demonstrated that it lowers the risk in surgery of lesions in eloquent areas, as shown by our experience with MEG-based functional neuronavigation (Ganslandt et al., , 1997 in the meantime applied in over 120 patients. Considering that fMRI equals MEG in correct identification of the central region, as is our impression by the current data, and as it is stated by others (Schulder et al., 1998) , it will help to initiate a common application of functional neuronavigation due to wide availability of fMRI in contrast to only restricted availability of MEG.
Further work will include refinements in activation maps, as well as correction of image distortion. The method of functional navigation is open to other functional modalities such as PET, as well as MR-spectroscopy (Preul et al., 1998) , which will both add further information into the operative field. Furthermore integration of language mapping with MEG and fMRI as well as MEG-and fMRI-based localization of foci in epilepsy surgery (Schwartz et al., 1998) with integration of these data into functional neuronavigation will open new therapeutic options.
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